Abstract Neurocognitive disorders such as dementia and cognitive/motor impairments are among the most significant complications associated with human immunodeficiency virus (HIV) infection, especially in aging populations, yet the pathogenesis remains poorly understood. Activated macrophages and microglia in white matter along with the hallmark multinucleated giant cells are prominent features of HIV encephalitis (HIVE) and of several simian immunodeficiency virus (SIV) models. While infected microglia have been demonstrated in HIVE, this feature is not routinely seen in experimental infections in rhesus macaques using SIV or chimeric simian/HIV (SHIV) strains, limiting utility in HIV-1 pathogenesis and treatment studies. Here, 50 rhesus macaques were inoculated with the CCR5 (R5)-tropic SHIV SF162P3N virus by one of three routes: intravenously (n=9), intrarectally (n=17), or intravaginally (n=24). Forty-three monkeys became viremic, 26 developed AIDS, and 7 (7/26, 27 %) developed giant cell SIVencephalitis (SIVE). Rapid progressor phenotype was evident in five of seven (71 %) macaques with SIVE, and expansion to utilize the CXCR4 coreceptor (X4 coreceptor switch) was observed in four out of seven (57 %). SIVE lesions were present in gray and white matter in the cerebrum, cerebellum, thalamus, and brain stem of affected animals. Lesions were composed of virally infected CD68 + , CD163 + , and HLA-DR + macrophages accompanied by white matter damage, necrosis, and astroglial and microglial activation. Importantly, microglial infection was observed, which makes R5 SHIV SF162P3N infection of macaques an attractive animal model not only to study transmission and HIVE pathogenesis but also to conduct preclinical evaluation of therapeutic interventions aimed at eradicating HIV-1 from the central nervous system (CNS).
Introduction
Lentiviral infection of the central nervous system (CNS) can lead to a spectrum of neurologic diseases ranging from mild cognitive impairment to severe dementia and fulminant giant cell encephalitis [human immunodeficiency virus encephalitis (HIVE)/simian immunodeficiency virus encephalitis (SIVE)], with the prevalence of HIV-associated dementia (HAD) and minor cognitive/motor disorders (MCMD) reported as high as 37 % in treated patients with advanced disease (McArthur 2004; Sacktor et al. 2002; Schifitto et al. 2001) . Despite progress in treatment, HIV-1 inevitably remerges following cessation of highly active antiretroviral therapy (HAART). The ability of HIV-1 to persist in cellular and tissue reservoirs, including macrophages and microglia in the brain, represents a major hurdle to efforts aimed at eliminating the virus (Deeks and Barre-Sinoussi 2012) . Accordingly, to achieve the goal of curing the body of HIV-1 infection, it is critical to understand central nervous system (CNS) latency through comprehensive studies in a highly relevant animal model of neuropathogenesis of AIDS and HAART suppression. In addition, such an animal model will be essential for screening innovative therapeutic interventions aimed at eradicating HIV-1 from the brain.
CD4 is the primary receptor for HIV/SIV, and T lymphocytes are the primary cell type infected early in infection. Later stages of disease, including the development of CNS pathology, are associated with the evolution of HIV/SIV to bind cells expressing low levels of CD4, such as macrophages, which in the terminal stages of infection after lymphocyte depletion, are an important source of circulating free systemic virus. In addition to binding CD4, HIV/SIV strains exhibit variable coreceptor usage including CCR5 (R5) and CXCR4 (X4), and a receptor choice can affect transmissibility and disease progression. In particular, R5-tropic viruses are the most frequent viruses to infect a host across mucosal surfaces (Keele et al. 2008; Salazar-Gonzalez et al. 2009 ) and to display varying degrees of macrophage tropism. In approximately 50 % of HIV-1 clade B-infected patients, viruses undergo a coreceptor switch late in disease where X4 variants emerge concurrently with rapid CD4 + T cell depletion. While infected T lymphocytes may be a source of virus entry into the CNS, it is largely held that infected monocyte/ macrophages are a major route of entry for virus into the brain. Multiple CNS macrophage populations are targets of HIV including perivascular, meningeal, and choroid plexus macrophages as well as resident microglia (Soulas et al. 2009 ). Histologically, active brain lesions in treatment-naïve humans include perivascular mononuclear cell accumulation with microglial nodules, multinucleate giant cells, and widespread astrocyte activation. HIV-infected microglia are an important component of HIV neuropathogenesis but have not been a consistent feature of commonly used SIV/simian/HIV (SHIV) model systems in rhesus macaques for HIVE (Gray et al. 2000; Yadav and Collman 2009) .
In this study, we report giant cell SIV-associated encephalitis in Indian-origin rhesus macaques (RMs) infected with high-dose pathogenic CCR5-tropic SHIV SF162P3N . This isolate was derived through successive and rapid passaging in RMs of SHIV SF162 , a CCR5-tropic chimeric molecular clone expressing the envelope of HIV-1 SF162 that was recovered from the cerebrospinal fluid (CSF) of a HIV-infected individual with neurologic symptoms and disease (Cheng-Mayer et al. 1989; Ho et al. 2007; Luciw et al. 1995) . SHIV SF162P3N infection of RMs exhibited important similarities to HIV-1 infection in humans. These features include the use of CD4 receptor and CCR5 coreceptor for entry, robust transmission via mucosal routes, acute depletion of memory CD4 + T cells in the gut, establishment of persistent infection with a progressive gradual loss of peripheral CD4 + T cells, the potential for CXCR4 coreceptor switch, and AIDS disease development. Importantly, CNS pathology was identified in approximately 30 % of R5 SHIV SF162P3N -infected macaques that developed AIDS, with brain lesions of similar quality and severity to that seen in HIV-1-associated encephalitis in the pre-HAART era. Notably, CD68 + , CD163 + , and HLA-DR + macrophages, consistent with an activated phenotype, were frequently infected within the perivascular brain lesions. Moreover, in our model of SIV-associated encephalitis, infected parenchymal microglia were frequently detected, recapitulating a key feature of HIV infection that is absent in most SIV/SHIV macaque models. The highly similar neurological lesions seen in R5 SHIV-infected monkeys and in treatmentnaïve HIV-infected people render infection with R5 SHIV SF162P3N , an important animal model not only for studying neurological disease but also for advancing our knowledge of CNS HIV-1 persistence and latency as well
Materials and methods

Animal inoculation and clinical assessments
All inoculations were carried out in adult RMs (Macaca mulatta) of Indian origin individually housed at the Tulane National Primate Research Center (TNRPC) in compliance with its Guide for the care and use of laboratory animals. Animals were confirmed to be serologically negative for simian type D retrovirus, SIV, and simian T cell-lymphotropic virus prior to infection and were screened for the presence of the Mamu-A*01, Mamu-B*17, and Mamu-B*08 class I alleles previously shown to be associated with control of pathogenic SIV mac239 replication using standard PCR with allele-specific primers for cohort characterization (Goulder and Watkins 2008) .
Fifty RMs were inoculated with R5 SHIV SF162P3N by either the intravenous (n=9), intrarectal (n=17), or intravaginal route (n=24) (Ho et al. 2007; Ren et al. 2010; Shakirzyanova et al. 2012) . The virus stock for intravenous challenge was prepared using human PBMC (HuPBMC) and titered in rhesus PBMC (rhPBMC), while the intrarectal and intravaginal inoculations were performed using two different virus stocks that were propagated and titered in rhPBMC. Whole blood from the inoculated animals was collected weekly for the first 8 weeks, biweekly for another 16 weeks, and monthly thereafter. Plasma viremia was quantified by branched DNA analysis (Siemens Medical Solutions Diagnostic Clinical Lab, Emeryville, CA) and absolute CD4 + and CD8 + cell counts were monitored by Trucount (BD Biosciences, Palo Alto, CA). Animals were euthanized at the end of the study period by intramuscular administration of Telazol and buprenorphine followed by an overdose of sodium pentobarbital, and tissues from multiple sites were collected. Euthanasia was considered to be AIDS related if the animal exhibited peripheral blood CD4 + T cell depletion (<200/mm 3 ), greater than 25 % loss of body weight, and combinations of the following conditions: diarrhea unresponsive to treatment, opportunistic infections, peripheral lymph node atrophy, and abnormal hematology (e.g., anemia, thrombocytopenia, or leukopenia).
Neuropathology and immunophenotyping of SHIV-infected cells
Formalin-fixed paraffin-embedded brain sections were processed and stained routinely for hematoxylin and eosin. Sections were also stained for myelin with Luxol fast blue (LFB) with cresyl violet counterstain. Identification of SHIVinfected cells in the CNS was accomplished with doublelabel in situ hybridization (ISH) for SIV mac and immunohistochemistry for macrophage marker ionized calcium-binding adaptor molecule 1 (Iba-1) (Wako Chemicals, Richmond, VA; rabbit polyclonal, 019-19741, 1:1,000). Additional immunohistochemistry assays were conducted on brain tissues for the following antibodies: glial fibrillary acidic protein (GFAP) (polyclonal; Dako, Carpinteria, CA), CD68 (clone KP-1; Dako), MRP14 (clone Mac387, IgG1; Thermo Scientific, Waltham, MA), CD163 (clone 10D6, IgG1; Thermo Scientific), and HLA-DR (clone LN-3, IgG2b; Leica, Buffalo Grove, IL).
Briefly, tissue sections were deparaffinized in xylene and rehydrated through graded ethanol to Tris-buffered saline (TBS) plus Tween 20. Endogenous peroxidase activity was blocked by incubation in 3 % H 2 O 2 in PBS. Tissue sections were pretreated with reagents from the RiboMap kit (Ventana Medical Systems) and digested with protease 3 (Ventana Medical Systems) for 4 min at 37°C. Sections were then prehybridized with RiboHyb (Ventana Medical Systems) and hybridized with dig-labeled probe for 6 h at 55°C. Stringency washes were done using 1.0× sodium chloride-sodium citrate (SSC) (Ventana Medical Systems) at 60°C. The bound probe was detected with rabbit anti-dig (Sigma-Aldrich, St. Louis, MO; 1:20,000), UMap anti-rabbit alkaline phosphatase conjugate (Ventana Medical Systems), and the chromogen, NBT/BCIP (Ventana Medical Systems). Sections were then incubated with Iba-1 antibody (Wako Chemicals, Richmond, VA; 1:1,000) for 30 min at room temperature followed by biotinylated secondary antibody (GAR-b, Dako; 1:200) for 30 min. Sections were detected using standard avidin-biotin peroxidase complex technique (VECTASTAIN Elite ABC; Vector Laboratories, Burlingame, CA) and counterstained with Nuclear Fast Red (Vector Laboratories). Isotypematched irrelevant controls were included for all runs.
Full-length SIV mac ISH probe was used for maximum sensitivity in detecting viral RNA and DNA and was performed on the Discovery Ultra platform (Ventana Medical Systems, Tucson, AZ) as previously described (Annamalai et al. 2010) .
Results
Outcomes of SHIV SF162P3N infection in rhesus macaques including development of SIVE
Of the 43 Indian-origin RMs that became viremic after inoculation with R5 SHIV SF162P3N via the intravenous (IV), intrarectal (IR), or intravaginal (IVag) route, 26 RMs (60 %) progressed to develop AIDS, including 8 from the intravenous group, 13 from the IR group, and 5 from the IVag group (Suppl Table 1 ). Out of 26, seven (27 %) developed SIVE (Table 1) , including two from the IV group, four from the IR group, and one from the IVag group. High and sustained levels of virus replication were seen in the seven SIVE animals (Fig. 1a) , with the development of clinical signs that met the criteria for study endpoint including the development of opportunistic infections, low CD4 + T cell counts, and/or marked weight loss (Fig. 1b, other data are not shown). A rapid progressor (RP) phenotype, characterized by high levels of virus replication and weak or undetectable antiviral antibody response, was evident in five of seven (57 %) macaques with SIVE (71.4 %), and coreceptor switch was documented in four of the seven (57 %) SIVE monkeys (Table 1) . Consistent with findings in HIV-1-infected humans, precipitous peripheral CD4 loss was seen towards end-stage disease in three of the four SIVE macaques with coreceptor switch (Fig. 1b) .
There was no significant difference between the levels of peak or cumulative virus in the plasma between animals with and without SIVE when all animals were pooled regardless of progressor phenotype (Fig. 1c , other data are not shown). Age of the macaques at the time of virus inoculation, cumulative viral load up to the time of euthanasia, CD4 nadir, and switch or expansion from CCR5 to CXCR4 usage also did not differ between the SHIV SF162P3N -infected AIDS macaques with and without a RP phenotype or SIVE (Suppl Table 1 ). RT-PCR for SIV gag sequences in the CSF collected at the time of necropsy for five of the seven AIDS animals with SIVE showed the presence of SHIV RNA, including DG07, which was euthanized at only 7 weeks postinfection (Fig. 1d, Table 2 ). Although CSF viral loads trended higher in the SIVE cases compared to those without, the difference was not statistically significant (p=0.10) (Fig. 1d) .
Virus detection in the CNS and three distinct CNS lesion patterns
Histologic examination of brain tissues revealed that SIVassociated giant cell neuropathology in the R5 SHIV SF162P3N SIVE cohort was found throughout all brain sections (Table 2) and was often severe with marked tissue destruction. The lesions observed in the infected macaques mirrored that previously reported for pre-HAART HIVE in infected patients and were characterized by perivascular mononuclear cell accumulation with microglial nodules, multinucleated giant cells, and widespread astrocyte activation around lesions.
Lesions in infected rhesus with SIVE were divided into three main histopathologic patterns, here designated perivascular histiocytic with MNGCs, severe parenchymal with white matter damage, and chronic burnt-out (Fig. 2) . The perivascular type was composed of perivascular lesions similar to those seen in other macaque models of SIV, which were predominantly located within cerebral white matter and were comprised of activated CD68 + /HLA-DR + SHIV-infected macrophages and multinucleated giant cells (Fig. 2a, b) . CD163, the cellular scavenger receptor for hemoglobin-haptoglobin complex and a marker of activated monocyte/macrophage lineage cells, was abundantly expressed by infiltrated monocyte/macrophages and activated microglia (Fig. 2c) . The second type was characterized by very large, expansive lesions that extended far beyond perivascular spaces into deep gray and white matter parenchyma and were observed in areas including the thalamus, basal ganglia, brain stem, and cerebellum ( Fig. 2d-f ). These lesions were unlike the classical SIV mac239/251 lesions based on their size, the marked activation of surrounding microglia and astroglia, the widespread expansion of SHIV-infected cells into the parenchyma, and extensive white matter damage (Fig. 2m, n) . The third type of lesion was comprised of chronic "burnt-out" lesions centered on vessels surrounded by large (Fig. 2g) . These activated cells were morphologically consistent with phagocytic macrophages (Fig. 2h, i ) and contained phagocytosed cellular and myelin debris in their cytoplasm (Fig. 2o) . In addition, R5 SHIV brain sections contained marked white matter damage (decreased Luxol fast blue myelin staining, Fig. 2m-o) , axonal damage (spheroid formation), and neuronal dropout. All three types of lesions were detected in ET94 and DG17, with varying degrees of perivascular and parenchymal lesions seen in DN57, DG08, DE86, and T799, and only mild perivascular lesions were observed in DG07.
In summary, the observed types of histologic lesions induced by R5 SHIV SF162P3N are consistent with descriptions of moderate to severe pre-HAART HIVE (Budka et al. 1987; Michaels et al. 1988; Sharer 1992; Wiley et al. 1986 ). In addition, unique features were seen in these infected macaques that have occasionally been noted in untreated human cases, including the presence of vacuolated macrophages, necrosis with a neutrophil component to the encephalitis, and extensive white matter damage (Budka et al. 1987) . Some lesions also featured neuronal apoptosis and vascular proliferation. Severity of CNS pathology among the SIVE animals is summarized in the following rank order: ET94, DG17 > DN57 > DG08 > DE86, and T799 > DG07 (Table 2 ).
Microglial and astroglial activation SIVE lesions in SHIV SF162P3N -infected macaques were associated with widespread glial activation. Iba-1, a marker of Subjective semiquantitative severity scoring for the presence of SIV antigen by in situ hybridization and macrophage markers (CD68, CD163, Iba-1) or the astrocyte marker glial fibrillary acidic protein by immunohistochemistry. Lesions in examined brain sections range from 0=no change over control brain sections to ++++=most severe SIV-associated giant cell lesions observed. Animals are listed in order of overall lesion severity GFAP glial fibrillary acidic protein; PFC prefrontal cortex; FC frontal cortex; MFB mid-forebrain; TH thalamus with temporal cortex and, in some cases, PUT putamen, as noted; OC occipital cortex; MB midbrain; MHB mid-hindbrain; CB cerebellum; BS brain stem; NP not performed . k, l Activated microglia. k Iba-1-positive and l CD163-positive activated microglia are located distant from the center of a perivascular lesion. Luxol fast blue (LFB) staining of myelin is decreased in severe parenchymal lesion (m), lesion in the white matter tract (n), and in burnt-out lesion with phagocytosed myelin within macrophages (o) microglial activation (Ohsawa et al. 2004 ), was robustly expressed by a spectrum of early activated microglia from ramified to those with retracted branches (Fig. 3a, b) and those fully activated with amoeboid morphology and phagocytic vacuoles. GFAP, an intermediate filament in astrocytes, was markedly upregulated (Fig. 3d-f ) compared to uninfected rhesus brain (data not shown) in astrocytes around perivascular lesions (Fig. 3d, e) and throughout large parenchymal lesions (Fig. 3f) . Astrocytic processes were frequently thickened consistent with marked activation.
Multiple macrophage subtypes and microglial infection within lesions
Consistent with reports that macrophage activation plays a central role in HIV/SIV CNS disease (Zink et al. 1997) , macrophages within lesions were CD68 + , CD163 + , and HLA-DR + and were robustly infected (Fig. 4) . All three types of histologic lesions contained macrophages positive for all three markers. In addition to infiltrating macrophages within perivascular lesions, SHIV SF162P3N infected resident microglia, identified based on their in situ-positive rod-shaped nuclei (Fig. 2j) , cellular morphology, upregulated Iba-1 and CD163 expression (Fig. 2k, l) , and distance from the central perivascular lesion (Fig. 4m-o) . A subset of activated macrophage/microglia that were Mac387/MRP14 immunopositive were present in most lesions but were particularly prominent at the periphery or leading edge of the large expansive lesions (Fig. 4h) . Based on their location in the parenchyma distant from blood vessels and their morphology, some of these cells are likely recently activated resident microglia. Based also on double-label confocal microscopy, occasional Mac387
+ macrophage/microglia were infected with virus ( Fig. 4g-i) .
Discussion
Despite major advances in treatment regimens for humans infected with HIV-1, disease recurrence is a major complication in patients following cessation of medication due to tissue and cellular reservoirs of HIV. One such proposed reservoir is the CNS. Macrophages and microglia in the brain represent the major sites of productive virus infection by HIV, and there are some reports that astrocytes and endothelia may undergo restricted or latent infection (Churchill et al. 2009; Trillo-Pazos et al. 2003) . Compartmentalization of virus in the CNS and emergence of CD4-independent viral strains contributes to the likelihood of infection of resident microglia. In addition, macrophage/ microglial activation plays a central role in the mechanisms of HIV/SIV CNS disease by persistent secretion of damaging proinflammatory mediators in the CNS such as TNF-α and IFN-γ that occurs despite antiretroviral therapy (Annamalai et al. 2010; Eden et al. 2007; GonzalezScarano and Martin-Garcia 2005; Yilmaz et al. 2008; Zink et al. 1997 Zink et al. , 2010 . These cytokines may provide a microenvironment conducive to viral replication and/or ongoing inflammatory cell turnover in the CNS, thereby contributing to virus maintenance and egress from the brain. We have characterized CNS infection of a SHIV isolate, SHIV SF162P3N , which encodes highly relevant HIV-1 envelope glycoprotein determinants of neuroinvasion and neuropathogenesis, notably the ability to bind and infect CD4 low monocyte/macrophage lineage. CNS pathology was identified in~30 % of R5 SHIV SF162P3N -infected AIDS macaques, resulting in three different histologic patterns of brain lesions with varying degrees of accompanying white matter damage. Activated CD68 + , CD163 + , and HLA-DR + macrophages were frequently infected within the perivascular and parenchymal brain lesions. Moreover, infected parenchymal microglia were readily detectable, recapitulating a key feature of HIV infection that is absent in most SIV/macaque models. In several of the cases examined in this study (e.g., DG08, DN57, ET94), the most severely affected sections were in present in deep gray matter structures of the brain (e.g., the basal ganglia, thalamus, brain stem, cerebellar peduncle). This virus distribution pattern is reminiscent of early observations in untreated HIV patients (Masliah et al. 1996; Wiley et al. 1998) .
SHIV SF162P3N replicates robustly in primary macrophages, which represent the major viral target in the brain and a potential cellular reservoir in this distinct compartment. The virus induced clinical signs of encephalitis in a short time frame, in one case as little as 7 weeks postinoculation (DG07), consistent with the notion that HIV/SIV enters the CNS rapidly and efficiently after intravenous or mucosal transmission. One animal, T799, despite having large lesions consistent with SIVE, had only scant amounts of viral nucleic acid by ISH in brain tissues. This animal was euthanized at 224 weeks postinfection, much later than any other animal in the cohort. It is possible that these brain lesions represent a residual damage at previous sites of inflammation following depletion of the productively infected cells.
In general, brain lesions were comprised CD68 + , CD163 + , and HLA-DR + macrophages, consistent with an activated phenotype, and were frequently infected. Microglial infection and expansive gray matter lesions were also features of this cohort that have not been generally reported in SIV mac -infected rhesus. A subset of activated Mac387 + /MRP14 + macrophages was also present within the lesions, notably more concentrated at the outer or leading edges of the larger lesions. Although infrequent, R5 SHIV SF162P3N was detected in rare Mac387/MRP14 + macrophages, a subset not usually reported to be infected with SIV (Soulas et al. 2011) .
Since the vast majority of HIV transmission occurs with R5 viruses via mucosal surfaces, mucosal transmission of SHIV SF162P3N accurately models sexual transmission in humans and is useful for studying features of viral transfer that cannot be recapitulated in intravenous inoculations, including the founder effect. An interesting feature of the CNS disease manifestation in this cohort of the SHIV SF162P3N -infected RMs is that the most severe brain lesions were seen in four of the animals that were mucosally inoculated. This observation may be the result of interactions with this R5-tropic SHIV swarm and the unique immune microenvironment of the vaginal or rectal mucosa, which may promote selection of viruses with particular traits. Furthermore, while CCR5 to CXCR4 coreceptor switch was documented in the blood and lymph nodes in four of the seven SIVE animals, preliminary analysis of Env variants in the brain and CSF of the macaques with SIVE showed only R5-tropic viruses (these authors, unpublished observations). Studies in larger cohorts of animals are needed to address if neuropathology is indeed more severe with SHIV SF162P3N mucosal inoculations and to understand the mechanism of X4 virus exclusion from the brain.
In summary, we characterize CNS disease in RMs infected with R5-tropic SHIV SF162P3N , which exhibit several features of HIVE rarely seen in SIV mac251 -or SIV mac239 -infected rhesus, especially the detectable infection of microglia. Because macrophage and microglia are long-lived cells and because antiretroviral drug access to the CNS is limited, viral decay in the brain may be slower than that in the periphery after the commencement of antiretroviral therapy (Schnell et al. 2011; Staprans et al. 1999) . Additionally, CNS and brain macrophages and microglia may be less sensitive (Aquaro et al. 2002; Gunthard et al. 2001) and less efficient at uptake of certain antiretroviral drugs (Letendre et al. 2008; Perno et al. 1994; Wynn et al. 2002) . Appropriate animal models of CNS infection in AIDS, therefore, are critically needed to evaluate the effectiveness of various treatment regimens in crossing the blood-brain barrier and for testing strategies aimed at eradicating viral sanctuaries in the brain. This study identifies an important new model system for studying HIV neuropathology, drug suppression, and residual virus in the CNS.
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